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Intralysosomal digestion of lysozyme in renal proximal tubule
cells. This investigation was carried out to determine the ability
of lysosomes in intact proximal tubule cells to digest absorbed
protein. Lysozyme labeled with 125j was injected i.v. into rats
and renal cortical slices removed after one hour. The slices were
incubated in vitro for up to two hours. The location of absorbed
lysozyme in the tissue was determined by electron microscope
autoradiography at different time intervals. About 90% of the
initial radioactivity in the tissue represented labeled protein
located in lysosomes and endocytic vacuoles. There was no
ultrastructural evidence of lysosomal damage during incubation.
The degradation of the labeled protein in the tissue was followed
through the determination of trichioroacetic acid (TCA)-soluble
radioactivity in the tissue and incubation medium. At the end of
the incubation, more than 37% of the total radioactivity repre-
sented small mol wt substances. Chromatography showed that
labeled monoiodotyrosine was the main digestion product when
the incubation was carried out in the presence of 1 m non-
radioactive monoiodotyrosine, which suppressed deiodination of
labeled monoiodotyrosine. The observations provide evidence
that labeled protein can be digested within lysosomes in proxi-
mal tubule cells.
Digestion intra-lysosomiale du lysozyme dans les cellules
rénales tubulaires proximales. Le but de ce travail est d'apprécier
Ia capacité des lysosomes de cellules tubulaires proximales in-
tactes de digérer des protéines absorbées. Du lysozyme marqué
par 1251 est injecté par voie intraveineuse a des rats auxquels on
préléve des tranches de cortex renal aprés une heure. Les
tranches sont incubées in vitro pendant des temps allant jusqu'à
deux heures. La localisation du lysozyme absorbé dans Ic tissu
est déterminCe par autoradiographie en microscopie électronique
a diffCrents intervalles de temps. Environ 90% de Ia radioactivité
présente initialement dans le tissu est représentée par de Ia
protéine marquee Iocalisée dans les lysosomes et les vacuoles. II
n'es pas apparu de signes de lesion des lysosomes pendant I'm-
cubation. La degradation de Ia protéine marquee dans Ic tissu a
été suivie au moyen de Ia determination de la radioactivitC
soluble dans l'acide trichloracétique provenant du tissu et du
milieu d'incubation. A la fin de l'incubation plus de 37% de Ia
radioactivité totale est faite de substances de faibles poids mole-
culaires. La chromatographie montre que Ia monoiodotyrosine
marquee est Ic principal produit de degradation quand l'incuba-
lion est réalisée en presence de 1 mM de monoiodotyrosine non
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radioactive, qui supprime Ia désiodation de Ia monoiodotyrosine
marquee. Ces observations apportent des preuves du fait qu'une
protéine marquee peut être dégradée dans les lysosomes des
cellules tubularies proximales.
There is much evidence that proximal tubule cells
absorb a variety of proteins by means of endocytosis
from the tubular fluid and that the absorbed protein is
then transported into the lysosomes [1]. While it has
been a general assumption that proteins which have
become segregated in these lysosomes undergo intra-
lysosomal digestion, the evidence for this digestive
process is largely indirect. Thus, electron microscopic
studies have shown that accumulated material, identi-
fied morphologically as absorbed protein, disappears
from the tubule cells after time periods varying from a
few hours to a few days [2, 3]. Furthermore, it has
been shown that isolated kidney lysosomes contain
enzymes capable of digesting hemoglobin [4], albumin
[5] and other proteins and that labeled proteins located
in isolated, intact lysosomes are digested upon incuba-
tion of the lysosomes in vitro [6, 7].
The present study was carried out to provide evi-
dence for intralysosomal digestion of protein in intact
proximal tubule cells. Lysozyme, which is readily
filtered in the glomeruli (mol wt, 14,000), was labeled
with 125j and injected i.v. into rats, and renal cortical
slices subsequently removed and incubated in vitro.
Combined autoradiographic and chemical analysis of
the slices and incubation medium showed that labeled
protein was digested within the lysosomes.
Methods
Animals. Male Wistar rats, three to six months of
age, were used in all experiments.
lodination of lysozyme. Lysozyme obtained from egg
white (Sigma Chemical Company, Grade 1, 3 x cryst-
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alized) was iodinated with 125! (Amersham, England)
using the iodine monochioride method of MeFarlane
[8] as modified by Izzo et a! [9]. The iodination mixture
contained 4 moles of iodine monochioride/mole of
lysozyme. The iodination efficiency was 3l% and the
specific activity, 0.22 mCi/mg of lysozyme. Free iodine
was removed by dialysis followed by passage through a
column of Sephadex G-25 medium. One iodination
was carried out with the chloramine-T method [10, 11]
using 40 tg of chloramin-T/mg of lysozyme. This pro-
cedure gave an iodination efficiency of 35% and a
specific activity of 0.40 mCi/mg of lysozyme. Trypsin
digestion of protein labeled by the two procedures
showed a similar percentage of iodinated tyrosine (see
Results).
Preparation and incubation of slices. Slices from rat
renal cortex were prepared with a Stadie-Riggs-type
microtome as described by Maude [12]. The slices
were cut in vivo from the exposed kidney surfaces in
anesthetized rats. The thickness of a slice was usually
200 to 300 t. The slices were blotted and weighed and
transferred to cold (0°C) incubation medium which
was a bicarbonate-saline solution containing (in mM)
140 Na, 10 K, 196.6 Cl, 20 HCO3, 2.4 HPO4, 0.6
H2P04, 1.2 MgSO4, 1.0 Ca and a-keto-glutarate as a
substrate [12]. The pH was 7.4 when equilibrated with
air containing 5% CO2. The slices were incubated free-
floating in the medium. The temperature of the
medium was regulated with a water-bath.
Experimental protocol. The rats were injected i.v.
with 3 mg of nonradioactive lysozyme in 0.3 ml of
0.9% NaCI, and two minutes later with 0.3 to 1 mCi of
iodinated lysozyme corresponding to 0.2 to 1.6 mg of
lysozyme. The initial injection of nonradioactive pro-
tein slightly increased the amount of circulating radio-
active lysozyme. After one hour the animals were an-
esthetized and renal cortical slices removed. The slices
were incubated as already described herein for different
times at 0°C or 37°C. After incubation the slices were
removed from the incubation medium and either pre-
pared for electron microscopy and autoradiography or
homogenized in ice-cold water. Radioactivity which
was precipitable or nonprecipitable with trichloroacetic
acid (TCA) was determined in the homogenate of the
slices and in the incubation medium using a liquid
scintillation counter. TCA precipitates were dissolved
in 1.0 ml of solubilizer (NCS, Amersham/Searle).
Solubilized proteins and TCA supernatants were
counted in a scintillation fluid containing 5 g of PPO
and 100 g of naphthalene in 1 litre of dioxane. The
results were corrected for background and quenching.
Electron microscopy, autoradiography and histo-
chemistry. Slices were immersion-fixed for one hour in
3% glutaraldehyde in 0.1 M sodium cacodylate buffer
adjusted to pH 7.2 and postfixed in 1% osmium te-
troxide in Verona! acetate buffer of the same pH. The
tissue was dehydrated in alcohol and embedded in
epoxy resin (Epon 812). Thin sections were cut on an
LKB Ultrotome III perpendicular to the surface of the
slices and extended through the entire thickness of
slices. The sections were stained with uranyl acetate or
lead citrate, or both, and studied in an electron
microscope (Siemens Elmiskop IA or JEM 100 B).
Electron microscope autoradiography was per-
formed as previously described [13] using emulsion
(Ilford L4 Nuclear Research Emulsion) and a wireloop
for application of the emulsion to the grids. After ex-
posure the grids were developed in D 19 and fixed in
20% sodium thiosulphate.
Quantitative determinations of the grain distribu-
tions over cortical slices after various times of incuba-
tion were carried out on electron micrographs from
cortical slices photographed at random. The location of
a grain was considered to be equivalent to the center of
a circle circumscribing the grain. For grain counting, the
tissue was divided into the following regions: endocytic
vacuoles, lysosomes, L-cytoplasm (cytoplasm adjacent
to lysosomes), remaining cytoplasm (cytoplasm ex-
clusive of lysosomes, L-cytoplasm and endocytic
vacuoles), nucleus and "extracellular space" (defined
as all compartments outside proximal tubule cells).
L-cytoplasm was defined as the areas located outside
the lysosomes within 0.5 . from the lysosomal mem-
brane. The distance from the lysosomal membrane to
each grain located over L-cytoplasm before incubation
(time 0) was also determined. The areas of the above
regions were determined by cutting out the regions and
weighing the paper, using areas of known dimensions
for calibration. The analyzed areas were 11,450 2 at
0 hour, 4,712 p2 at one hour and 6,490 .t2 at two hours
of incubation. A total of 251 electron micrographs
were used for this quantitative autoradiographic
analysis.
The frequency of grains within the "extracellular
space" (all compartments outside proximal tubules)
was analyzed separately on two grids included in the
analysis of the distribution of grains within proximal
tubules. This "extracellular space" was differentiated
into the following compartments: distal nephron,
capillary lumen and remaining interstitium (including
interstitial cells and occasional glomerular regions).
The relative volumes of these compartments and the
proximal tubules were determined by point counting
[14] in complete cross-sections (total area, 28,567 2)
of two unincubated slices from the two grids. The grain
frequencies over the aforementioned compartments
were also determined and compared to the frequency
observed over those proximal tubules which were used
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for analysis of the intracellular distributions of grains
in unincubated tissue.
The autoradiographic background was determined
for each grid by photographing areas not containing
tissue adjacent to sections of analyzed tissue. The
background ranged from 0.001 to 0.012 grains/12. The
number of background grains expected over each type
of area from micrographs from each grid was calcu-
lated and deducted from the number of grains actually
counted.
In five control experiments the amount of radio-
activity released from unincubated slices during the
fixation and dehydration procedure for electron micro-
scopy was compared to the amount of TCA-soluble
radioactivity released from unincubated and unfixed
slices which were homogenized at 0°C and then preci-
pitated with TCA using slices from the same animals.
Preparation of tissues for electron microscopy released
an average of 2.6% of the initial activity in the slices as
compared to the release of 3.6% TCA-soluble radio-
activity from the parallel experiments.
Electron microscopic demonstration of acid phos-
phatase was carried out on glutaraldehyde-fixed
tissue using the Gomori medium [15] as previously
described [16].
Chromatography. Analysis of digestion products in
the incubation medium was carried out by ascending
paper chromatography using acetic acid-N-butanol-
water, 10:78:12. Sodium iodide, monoiodotyrosine,
diiodotyrosine and thyroxin were used as standards.
The chromatograms were developed with palladium
chloride and ninhydrin. The distribution of radio-
activity in chromatograms was determined by count-
ing 1-cm-wide strips of the chromatographic paper in
a well-type counter.
Digestion of lysozyme by lysosomal enzymes or
trypsin. lodinated lysozyme was digested with trypsin
by incubation in 0.1 M phosphate buffer at pH 8.0 at
37°C for 24 hr. Labeled lysozyme was also digested by
incubation in sodium acetate buffer, pH 4.5, for
different times at 37°C with lysosomal enzymes ob-
tained from a lysosomal fraction isolated from rat
renal cortex or with high speed supernatants from
homogenized rat renal cortex. The lysosomes were
prepared by differential centrifugation from homo-
genates of kidney cortex from untreated rats according
to the procedure of Maunsbach [17] which mainly
provides lysosomes from proximal tubule cells. The
isolated lysosomes were disrupted by repeated freezing
and thawing. The high speed supernatant was obtained
after centrifugation of the homogenate for 30 mm at
100,000 x g. The digestion of the labeled protein during
the incubation was followed by determination of the
release of TCA-soluble radioactivity. The products
after digestion with trypsin or lysosomal enzymes were
analyzed by chromatography as already described
herein.
Results
Degradation of labeled protein with lysosomal enzy-
mes and trypsin. Chromatographic analysis of 1251..
labeled lysozyme which had been digested with trypsin
showed that the major degradation product was mono-
iodotyrosine (Fig. 1). The results were independent of
the method used for iodination of the lysozyme.
During incubation of lysozyme with lysosomal en-
zymes at pH 4.5, there was initially a near linear re-
lease of TCA-soluble radioactivity at 37°C but no
significant release at 4°C (Fig. 2) or during incubation
at pH 7.4. Analysis of digestion products formed after
incubation of labeled lysozyme with excess of trypsin
or lysosomal enzymes in the presence of nonradio-
active monoiodotyrosine showed that the major diges-
tion product in both cases was radioactive monoiodo-
tyrosine and that the proportions of other metabolites
were similar in the two experiments (Fig. 3, A and B).
Even in the presence of a large excess of lysosomal
enzymes and after incubation for six hours, about 30%
of the labeled protein remained TCA-precipitable.
Samples of the high speed supernatant from cortical
homogenates were incubated with labeled lysozyme at
pH 4.5 and 7.4 to determine if the tissue also contained
soluble enzymes capable of digesting labeled lysozyme.
No measurable release was observed at pH 7.4. At
pH 4.5 the release was about 14 times less than with
corresponding amounts of lysosomal protein.
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Fig. 1. Chromatogram of 1251-labeled lysozyme following digestion
with trypsin. Arrows indicate location of undigested protein (1),
control samples of iodide (2) and control samples of monoiodo-
tyrosine (3). The major digestion product is monoiodotyrosine.
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Fig. 3, A and B. Proportions of '251-labeled digestion products
following incubation of 1281-labeled lysozyme with trypsin (A) and
with lysosomal enzymes (B). The main digestion product is
monoiodotyrosine. Each histogram shows the means of two ex-
periments. P =proteins, I = iodide, MIT = monoiodotyrosine,
R=remaining activity in chromatogram.
Degradation of labeled protein in slices in vitro. Dur-
ing incubation of renal cortical slices from 125!..
lysozyme-injected animals, TCA-soluble radioactivity
was released from the slices into the incubation
medium (Table 1, Fig. 4). In seven experiments the
average release was 32% during the two hours. The
greatest release into the medium occurred during the
first hour of incubation (Fig. 4). No significant release
of TCA-soluble radioactivity occurred during incuba-
tion at 0°C. Release in three separate experiments at
Incubation time, I,,;,,
Fig. 4. Catabolism of '251-labeled lysozyme in renal cortical slices
from rats injected with the labeled protein one hour before prepara-
tion of the slices. The catabolism is measured as TCA-soluble
radioactivity in medium and slices and expressed as % of total
radioactivity in medium and slices. The curves represent means
of seven experiments SD.
20°C was 30 to 40% of that observed at 37°C. There
was no significant change in the amount of TCA-
soluble radioactivity within the slices during incuba-
tion (Table 1).
TCA-precipitable radioactivity was also released
from the slices into the medium during incubation at
37°C. However, the amount released was only 4% of
the initial radioactivity in slices and incubation
medium together (Table 1) but was statistically signi-
ficant (P<0.02, N=7).
The amount of lysozyme degraded in the slices was
calculated in four experiments carried out with 125j..
lysozyme labeled with the iodine monochloride
method. The average rate of degradation of 125J..
lysozyme calculated for the first hour of incubation
was 6.0 ng/mg slice/hr (range, 4.2 to 7.5), correspond-
ing to about 24% of the total amount of '251-lysozyme
located in the tissue before incubation.
Chromatographic analysis of the incubation medium
after incubation of 1251-labeled lysozyme for two hours
revealed different proportions of metabolites whether
the incubation was carried out in the presence or
absence of nonradioactive monoiodotyrosine. Without
addition of 1 mt nonradioactive monoiodotyrosine,
the main radioactive degradation product was iodide
(Fig 5A). When nonradioactive monoiodtyrosine was
present, the main radioactive metabolite was mono-
iodotyrosine (Fig. 5B) and the chromatographic distri-
bution of radioactive components was similar to that
after trypsin digestion (Fig. 3A).
When lysozyme was incubated in only the medium
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Fig. 2. Release of TCA-soluble radioactivity from '251-labeled
lysozyme during digestion at pH 4.5 with enzymes from proximal
tubule lysosomes. Degradation of the protein occurs at 37°C but
not at 4°C.
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Table 1. Distribution of radioactivity in renal cortical slices and medium during incubation
Incubation % of total activitya
Time Temperature TCA precipitable TCA precipitable TCA soluble TCA soluble
mm °C in tissue in medium in tissue in medium
0 37°C 92.5±3.6 1.9±1.4 3.7±1.2 1.9±2.7
20 37°C 80.3±3.4 2.6±1.0 4.1±2.5 13.0±3.4
40 37°C 72.8±3.8 3.7±1.5 3.7±2.1 19.8±3.5
60 37°C 66.2±3.9 4,7±1.5 3.5±1.5 25.6±3.1
120 37°C 56.9±5.3 5.9±2.5 3.0±0.9 34.2±5.6
60 0C 93.6± 1.1 2.4±0.3 2.3±0.6 1.7±0.6
140 0°C 93.7±2.2 1.7±0.9 2.8±0.9 1.6±0.9
° Means of seven experiments SD.
for two hours, no significant release of TCA-soluble
radioactivity was observed.
Ultrastructure of cortical slices. 1) Start of incubation.
The ultrastructure of proximal tubules in freshly pre-
pared cortical slices was the same as usually observed
in immersion-fixed tissue. Tubule lumens in most
tubules were collapsed and apical cytoplasmic regions
of many cells protruded into the lumens. Cell organ-
elles, including mitochondria and lysosomes, appeared
similar in ultrastructure to that observed in tissue
optimally preserved by perfusion fixation.
2) One hour of incubation. In the superficial tubule
layer, most proximal tubules were well preserved. How-
ever, cytoplasmic protrusions or, possibly, pinched
off cytoplasmic fragments were present in some tubule
lumens. Occasional cells showed regions of cytoplas-
mic swelling. Cell organelles were well preserved al-
though in some cells the mitochondria appeared
swollen and some mitochondria appeared to be divid-
Fig. 5, A and B. Proportions of radioactive digestion products in
the incubation medium folio wing incubation of renal cortical slices
in vitro for two hours. The rats were injected with '251-labeled
lysozyme one hour before preparation of the slices. When the in-
cubation medium does not contain nonradioactive monoiodo-
tyrosine, the major digestion product is iodide (A), but when the
incubation medium contains 1 m nonradioactive monoiodo-
tyrosine, the major digestion product is monoiodotyrosine. Each
histogram represents the average of two experiments.
ing. In the apical cytoplasm the large apical vacuoles
and apical tubules which are characteristic of control
cells were largely absent (Fig. 6). Instead, the apical
cytoplasm contained increased numbers of small (0.1
to 0.3 i) apical vacuoles. The lysosomes showed un-
altered ultrastructure but lysosomes of the autophagic
type were somewhat more numerous than in control
cells.
In the deep tubule layers, most tubules showed
distinct changes compared to control tubules. Thus,
some cytoplasmic swelling was noticable in most cells
and most mitochondria were swollen. The apical cyto-
plasm lacked the pronounced accumulation of small
vacuoles observed in superficial tubules but retained
many large apical vacuoles and apical tubules. There
was no detectable difference in ultrastructure between
lysosomes in deep or superficial tubules. The nucleus
appeared unchanged except for a more dense chroma-
tin pattern.
3) Two hours of incubation. The changes noted after
two hours (Fig. 7) were similar to those after one hour.
However, cytoplasmic swelling and mitochondrial en-
largement was more evident after two hours in tubules
located in the centers of the slices. Despite this swelling
of these cells, the lysosomes appeared unchanged in
fine structure.
Histochemical location of acid phosphatase. Electron
microscopic histochemistry showed that at all times
studied all electron-dense cytoplasmic bodies in the
proximal tubule cells contained the lysosomal marker
acid phosphatase (Fig. 8). The bodies were identical in
structure to those containing the labeled lysozyme as
shown by autoradiography.
Autoradiographic distribution of radioactivity in slices.
The distribution of autoradiographic grains over corti-
cal slices from animals injected with '251-lysozyme is
given in Table 2. At thebeginning of incubation (Fig. 9),
about 90% of the labeled protein was located in en-
docytic vacuoles, lysosomes or immediately outside
60
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Fig. 6. Proximal tubule cells in renal cortical slices incubated for one hour (x 15,000). The tubule was located close to the surface of the
slice. The brush border (BB) is seen to the left and the basement membrane in the lower right corner. Mitochondria (M) and lysosomes
(L) are similar in ultrastructure to that observed in normal tissue, but there are more small apical vacuoles (SAV) than in normal tissue.
Fig. 7. Proximal tubule cells in renal cortical slice incubated for two hours (x 18,000). The tubule was located close to the surface of the
slice. Lysosomes (L) appear normal in fine structure but some mitochondria (M) are slightly enlarged.
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After one and two hours no grains were located over
endocytic vacuoles. The lysosomes together with the
region immediately outside the lysosomal membrane
(L-cytoplasm) contained about 85% of the label after
one hour and about 89% after two hours.
To compensate for the varying relative sizes of the
areas over which the grains were located, the relative
concentrations of grains were calculated for each area
as % of all grains/% of total area (Table 3). The rel-
ative concentrations of grains located directly over
lysosomes remained very much greater than over all
other areas throughout incubation (Figs. 11 and 12).
The relative volume of the lysosomes was smaller after
two hours than at the earlier times, presumably partly
due to the swelling of the cytoplasm. This resulted in a
very high relative concentration of grains over the
lysosomes whereas the relative concentration of grains
over the cytoplasm was particularly low after two
hours.
Fig. 8. Demonstration of acid phosphatase in proximal tubule cells
by electron microscope histochemistry (x 14,000). The tissue was
fixed immediately after removal of the slice. The reaction pro-
duct is located in all electron-dense cytoplasmic bodies (L).
Mitochondria (M), microbodies (Mb), large apical vacuoles
(LAY) and other tissue components are unreactive.
the lysosomes (L-cytoplasm) whereas about 6% of the
label was associated with other cellular structures and
about 4% was located outside the proximal tubule
cells. Within the L-cytoplasm, 47% of the grains were
located with their centers less than 0.1 from the lyso-
somal membrane and 74% within 0.2 (Fig. 10).
We did not observe any accumulation of grains over
cells other than those of the proximal tubule. The grain
frequency (corrected for residual background radio-
activity) over proximal tubule cells considered as one
single compartment was 0.049 grains/2 before incu-
bation. The grain frequencies over distal nephrons,
capillary lumens and remaining interstitium as deter-
mined on two complete cross-sections of two slices
were 0.002, 0.003 and 0.010 grains/2, respectively.
The relative volumes of the latter three compartments
as determined by point-counting were 16.7, 6.5 and
8.9%, respectively, the remaining 67.9% representing
proximal tubules. A calculation based on these fre-
quencies and relative volumes shows that the total
radioactivity in the proximal tubules exceeds that of
the distal nephrons, capillary lumens and remaining
interstitium with factors of about 100, 170 and 40, re-
spectively, and that totally 4.1% of the radioactivity is
located outside proximal tubules. This percentage
Table 2. Distribution of autoradiograpnic grains over proximal tubules after different times of incubation
Area Ohr lhr 2hr
Grains Grains Total Grains Grains Total Grains Grains Total
N % area N % area N % area0//0 0//0 0//0
Endocytic vacuoles 79 13.4 5.2 0 0 0.8 0 0 0.4
Lysosomes 385 65.5 6.8 220 76.1 7.0 106 76.3 2.9
L-cytoplasm 63 10.7 12.5 26 9.0 14.2 18 12.9 8.7
Remaining cytoplasm 36 6.1 45.2 30 10.4 64.1 9 6.5 73.3
Nucleus 2 0.3 3.7 4 1.4 4.8 1 0.7 1.7
Extracellular space 23 3.9 26.5 9 3.1 9.1 5 3.6 12.9
All areas 588 289 139
All grain counts were corrected for background as described in Methods.
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Fig. 9. Electron microscope autoradiograph of proximal tubule cells from rat injected with '251-lysozyme one hour before removal of the
slice (x 20,000). The slice was fixed for electron microscopy immediately after removal. Grains showing the location of the labeled
protein are observed over large apical vacuoles (LAY) and several lysosomes (L).
agrees closely with the percentage (3.9%, Table 2) ob-
tained over the extracellular space in another area.
Discussion
The present study extends previous observations on
the handling of absorbed protein by proximal tubule
cells and provides evidence that protein reabsorbed by
proximal tubule cells is digested in the lysosomes of
these cells. This conclusion is based upon a comparison
of the autoradiographic and the biochemical observa-
tions. It is consistent with observations on other cell
types, for example, macrophages [18].
The autoradiographic grains observed over the
— tissue are probably derived from labeled protein since
previous studies have shown that free iodine is not re-
tained in the tissue by glutaraldehyde fixation [13].
Free radioactive amino acids may be retained to some
extent in tissues by glutaraldehyde fixation [19]. How-
ever, such unspecific binding probably accounted for
only a very small fraction of the autoradiographic
grains, since the TCA-soluble radioactivity—which
was found in the tissue and which represented free
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Distance from lysosomal membrane
Fig. 10. Frequency of autoradiographic grains within 0.5 p.from the
lysosomes (L-cytoplasm) in proximal tubule cells one hour after i.v.
injection of '251-labeled lysozyme. The tissue was fixed immedi-
ately after removal of the slices (Table 2, time 0). The histogram
shows that the largest number of grains is observed adjacent to
the lysosomal membrane.
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Table 3. Relative concentrations of grains over proximal tubules
(°/ of all grains/% of total area)
Ohr lhr 2hr
Lysosomes 9.6 11 26
L-cytoplasm 0.86 0.63 1.5
Remaining cytoplasm 0.14 0.16 0.089
Extratubular space 0.15 0.34 0.28
iodine, monoiodotyrosine and possibly some other
small molecules—was rather constant during the in-
cubation and never exceeded about 4% of the total
activity (Table 1). Significant unspecific binding of
radioactive monoiodotyrosine is also contradicted by
the observation that the relative concentration of grains
in the "remaining cytoplasm" did not increase during
incubation (Table 3) despite the fact that the concentra-
tion of radioactive monoiodotyrosine in the medium
increased considerably (Fig. 5). The almost identical
amounts of radioactivity that are retained in the tissue
during the fixation, dehydration and embedding pro-
cedure (97%) and the amount of radioactivity in tissue
from the same animals that is precipitable with TCA
(96%) also support the conclusion that the autoradio-
graphic grains originate from labeled protein.
The autoradiographic observations showed that the
major part of the label was located in the lysosomes at
the beginning of the incubation (Table 2). Thus, 65%
of the grains was located directly over lysosomes. The
11% which was present in the cytoplasm immediately
adjacent to the lysosomes (L-cytoplasm) was un-
doubtedly also derived from labeled protein located
within the lysosomes, since frequency of the grains de-
creased rapidly with increasing distance from the
lysosomal membrane (Fig. 10) as can be expected for
grains derived from, but located outside, a labelled
source [20]. The labeled protein located in the endo-
cytic vacuoles was apparently transferred to the lyso-
somes during the initial part of the incubation since no
grains were found over endocytic vacuoles after one
hour and since proteins located in endocytic vacuoles
of proximal tubule cells are known to be rapidly trans-
ferred to lysosomes [13]. Thus, the evidence indicates
Fig. 11. Electron microscope autoradiograph from experiment similar to that illustrated in Fig. 9, except that the slice was incubated for
one hour before fixation of the tissue (x 10,000). The grains are almost exclusively located directly over lysosomes (L), This tubule was
located in the middle of the slice and the mitochondria (M) appear swollen and have a rounded shape. The mitochondrial changes
(arrows) may represent configurational changes related to oxidative metabolism [311, or signs of mitochondrial division.
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Fig. 12. Electron microscope autoradiograph of part of proximal
tubule cells with several lysosomes with labeled protein (x 38,000).
Despite incubation of the slice for two hours, the lysosomes are
normal in fine structure and show intact lysosomal membranes.
that about 90% (the sum of l3.4+65.5+10.7%,
Table 2) of the labeled protein is, or becomes, located
within lysosomes within the first hour of incubation.
The identification of the electron-dense cytoplasmic
bodies as lysosomes was based upon the demonstra-
tion of acid phosphatase in these bodies.
The biochemical data showed that more than 92% of
the total label is TCA-precipitable and located in the
tissue at the beginning of the experiment (Table 1).
Since this label corresponds to the label demonstrable
in the tissue by autoradiography, about 83% of the
label in the tissue plus medium (90 of 92%, the 90%
representing the sum of 13.4+65.5+10.7% in Table2)
represents protein, which is, or rapidly becomes, lo-
cated in the lysosomes of the tissue. At the end of
incubation, about 37% of the total label in the medium
plus tissue (Table 1) was TCA-soluble and identifiable
mainly as monoiodotyrosine (Fig. 5B). Since initially
only 17% of the total label (100% —83%) did not re-
present labeled protein located in lysosomes, it is
evident that some of the labeled protein initially
located in the lysosomes was degraded during the in-
cubation. The amount degraded was at least 20% of
the total amount in the tissue plus medium (37— 17%)
but probably more since some of the label which was
initially not located in the lysosomes was already pre-
sent in the medium, in TCA-soluble form (Table 1).
Also, some TCA-precipitable label was originally pre-
sent in the medium (Table 1) and presumably remained
undigested since the control experiments revealed that
the medium itself did not degrade the protein.
Although it is concluded from the foregoing that
labeled protein located in lysosomes is digested during
incubation, different possibilities may exist as to the
actual site of catabolism. Thus, it is conceivable that
protein may be degraded in the lysosomes or, after
passage through the lysosomal membrane, in the cyto-
plasm or even in the incubation medium. However, the
experiments provide no evidence for the last two
alternatives since labeled lysozyme was not degraded
by the incubation medium nor by soluble proteins of
cortical tissue at a pH similar to that expected in the
cells. The great ability of lysosomal enzymes to degrade
labeled lysozyme instead suggests that the protein was
degraded in the lysosomes. This conclusion is strength-
ened by the very low concentration of labeled protein
in other parts of the tissue, as shown by autoradio-
graphy. It is also supported by the observations that
the ultrastructure of the lysosomes was well preserved
at the end of incubation (Fig. 12).
The present experiments provide a basis for some in-
terpretations regarding the quantitative aspects of
lysozyme degradation in kidney tissue. The average
amount of labeled lysozyme digested by the kidney
tissue in vitro in four experiments was 6.0 ng/mg slice!
hr when an average of 0.26 mg of labeled lysozyme
was injected in the animals. Assuming that most of the
unlabeled lysozyme (3 mg) injected immediately before
the labeled lysozyme is digested in the same way,
69 ng/mg slice/hr of unlabeled lysozyme is digested in
the kidney tissue, making the total digestive capacity
75 ng/mg slice/hr. The average weight of the renal
cortical tissue from each of 12 rats averaging 275 g was
1.34g. Thus, the total amount of lysozyme, labeled
and unlabeled, which was digested was 0.10 mg/rat/hr,
corresponding to 0.36 mg/kg of body wt/hr. This value,
which is calculated for the first hour of the incubation,
probably represents a minimum value since the initial
digestive rate was higher (Fig. 4). Furthermore, it is
known that the amount digested can be increased if
larger amounts of lysozyme are injected.
Incubation of labeled lysozyme with an excess of
lysosomal enzymes caused a rapid initial degradation
of lysozyme. However, only 70% of the added lyso-
zyme was degraded despite prolonged incubation and
repeated addition of lysosomal enzymes. This suggests
that part of the egg lysozyme molecule is less susceptible
to digestion by lysosomal enzymes. By comparison,
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similar preparations of lysosomal enzymes from rats
completely degraded iodine-labeled homologous albu-
min in vitro [5], as determined by TCA precipitation
similar to this study. Thus, it appears that the enzymes
from kidney lysosomes have different digestive capaci-
ties towards different proteins. This conclusion is con-
sistent with the observations [211 that proteins differ in
their susceptibility to digestion by enzymes from rat
liver lysosomes.
It has previously been demonstrated that the kidneys
have an important role in the catabolism of different
low mol wt proteins, including lysozyme [22, 23], 132-
microglobulin [24, 25], ribonuclease [6] and A-L-cha!nS
of immunoglobulin [26]. The intrarenal site of the
catabolism of these proteins has not been demonstrated
previously although a role of the lysosomes has been
discussed since a variety of proteins are absorbed by
endocytosis in the proximal tubule. The present ob-
servations provide evidence that a low mol wt protein
can be digested in lysosomes of intact proximal tubule
cells, and suggest that other small protein molecules are
handled in the same way.
The possibility that a major part of the protein
absorbed in the tubule is transferred unaltered
through the tubule wall to the peritubular space has
been suggested on the basis of in vitro studies of
flounder tubules [27]. However, this hypothesis has
not been supported by recent histochemical observa-
tions [28], and in the present study only 4% of the total
radioactivity was released as labeled protein from the
slices to the incubation medium during incubation
(Table 1). This released protein certainly includes some
labeled protein released during incubation from super-
ficial cells disrupted during preparation of the slices. It
presumably also includes some protein which was
originally located in the peritubular space and which
diffused out of the slices during incubation. Taking
these factors into consideration, there is no support in
this study for the assumption that labeled protein ini-
tially located in the wall of the proximal tubule is
transported intact to the peritubular space.
The main digestion product of '251-labeled lysozyme
was radioactive monoiodotyrosine provided some non-
radioactive monoiodotyrosine was present in the in-
cubation medium. If nonradioactive monoiodotyrosine
was not present, the main digestion product was radio-
active iodide. This observation is consistent with the
observation [29] that rat kidney tissue contains a
monoiodotyrosine deiodinase. In this study deiodina-
tion of labeled monoiodotyrosine derived from labeled
lysozyme was probably largely competitively inhibited
by the addition of nonradioactive monoiodotyrosine.
The ultrastructure of proximal tubule cells located
superficially in incubated slices did not change appreci-
ably during the incubation period except for modifica-
tions of apical vacuoles and a slight swelling of the
mitochondria and cytoplasm. These findings are in
general agreement with observations [30] that proximal
tubule cells changed only slowly in fine structure upon
incubation of kidneys at 37°C. The swelling observed
in proximal tubule cells located deep in the slices sug-
gests that exchange of oxygen and other substances
between the cells and the medium is of importance for
maintenance of cell structure. This conclusion is con-
sistent with previous observations on flounder tubules
[31] as well as our recent observation that the cells
deep in rat slices show less alterations if the medium is
saturated with 95% oxygen—5% CO2 instead of 95%
air—5% CO2. The present experimental results, in
similarity with findings of other studies [32], illustrate
the usefulness of rat renal slices for combined ultra-
structural and biochemical analysis of cell metabolism.
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